Ischemia and reperfusion injury is a dynamic process that involves multiple organ systems in various clinical states including transplantation, trauma, and surgery. Research into this field has identified key molecular and signaling players that mediate, modulate, or augment cellular, tissue, and organ injury during this disease process. Further elucidation of the molecular mechanisms should provide the rationale to identify much-needed novel therapeutic options to prevent or ameliorate organ damage due to ischemia and reperfusion in clinics.
INTRODUCTION
Ischemia and reperfusion injury (IRI) represents a complex series of events that result in cellular and tissue damage. It involves the transient deprivation of blood flow and oxygen, and the return of blood flow during reperfusion with concomitant release of oxygen-free radicals (OFR), cytokines/chemokines, and upregulation of adhesion molecules with consequent cellular and organ dysfunction ( Figure 1 ). Although organ IRI occurs in many clinical settings, including trauma, organ transplantation, myocardial infarction, and stroke, its outcomes remain controversial. Some argue against the significance of lethal reperfusion distinct from ischemic injury, stating that reperfusion merely worsens the initial injury caused by blood deprivation, rather than independently mediating tissue and cellular damage (1) . Other data, using therapeutics initiated at time of reperfusion, suggest changes in cell and tissue survival attributed to mitigating lethal reperfusion. Nevertheless, the process of ischemia and reperfusion and the subsequent cellular and organ damage are important to many fields of modern medicine. The following describes the current understanding of molecular mechanisms involved in IRI, primarily in the liver, and their putative therapeutic implications.
IRI AND THE LIVER
Liver IRI occurs in the absence of exogenous antigens in various clinical settings, such as transplantation, hepatectomy for cancer, and shock. In transplantation, the modified "injury hypothesis" (2, 3) states that IRI to the organ activates a cascade of innate-dominated pro-inflammatory immune responses, which then trigger the adaptive immune response that culminates in transplant rejection. The outcome of the transplanted organ is significantly affected by its initial exposure to reactive oxygen species (ROS), damage-associated molecules, and local chemical milieu. Indeed, liver IRI has been reported to cause up to 10% of early organ dysfunction, leading to the higher episodes of both acute and chronic rejection (4) . The following review outlines key events in the pathophysiology of liver IRI, including the toll-like receptor (TLR) system, OFRs, the heme oxygenase (HO) system, and leukocyte cascades. Other mechanisms highly involved in liver IRI include tissue anoxia with depletion of adenosine triphosphate and mitochondrial dysfunction (5, 6) .
TLR system
The sentinel TLRs, mammalian homologs of the Drosophila Toll proteins, play a critical role in innate host defense against microorganisms by recognizing conserved pathogen-associated molecular patterns (7) . There are currently 13 known members (11 in humans) of the TLR system, binding a diverse array of bacterial, viral, and fungal molecular patterns (8) . TLRs are expressed by a variety of cell types, including macrophages, monocytes, and dendritic cells (DCs). TLR activation leads to the production of pro-inflammatory cytokine programs and upregulation of costimulatory molecules ( Figure 2) . TLR4, one of the best-characterized TLRs, was initially identified as the cellular receptor recognizing the Gramnegative bacterial cell wall product lipopolysaccharide (LPS). Native proteins (endogenous ligands), however, have also been found to engage TLR4 and elicit immune responses in the absence of infection (9) . Although endotoxin contamination has never been excluded, putative endogenous ligands/ agonists include extracellular matrix proteins (10) (such as fibronectin extra domain A, fibrinogen, hyaluronic acid, heparan sulfate), β defensin, heat-shock proteins (hsp) (11, 12) , high-mobility group box-1 protein (HMGB-1) (13), S100 proteins (10) , and heme (14) . During liver IR, portal vein occlusion results in the congestion of the intestinal wall, leading to the release of gut-derived molecules, including endotoxin, into the bloodstream. Although gut-derived LPS certainly contributes to IR, it may not actually trigger the intrahepatic inflammation cascade. Indeed, recent studies have provided definitive proof that endogenous TLR4 ligands generated during liver IR may also trigger local inflammation that culminates in hepatocellular damage (15) .
The signaling via TLR4 is critical in liver IRI, as TLR4-deficient (knockout) mice remain fully protected (16) . Liver IRI proceeds through the myeloid differentiation primary response gene 88 (MyD88)-independent and the interferon regulatory factor-3 (IRF-3)-dependent pathway downstream of TLR4 (16) . Moreover, liver IRI depends on functional TLR4 activation on actively phagocytic nonparenchymal cells, as evidenced by hepatoprotection seen in experiments using chimeric mice generated by adoptive transfer of TLR4 -/-bone marrow into wild-type mice (17) . TLRs have important roles in the pathophysiology of IRI in other organ systems. In a neonatal murine model of small-bowel IRI, TLR2-deficient mice sustained greater intestinal damage (18) ; in contrast, TLR2 deficiency was shown to be protective in a murine renal IRI model (19) , and involves both MyD88-dependent and -independent signaling pathways (20) . However, a recent study points to TLR4-and selective MyD88-mediated signaling (23) . Protection against myocardial IRI in TLR4 knockout mice may proceed through a PI3K/Akt-dependent mechanism (24) . Downstream of TLR4, the MyD88-dependent pathway has been shown to be important; blockade of MyD88 signaling resulted in PI3K/Akt pathway activation and nuclear factor-κB (NF-κB) pathway downregulation (25) . Given the ubiquitous functions of TLR signaling and the importance of specific TLR receptor subtypes in animal models of IRI, modulation of the TLR system, through alterations of its ligand-receptor interaction or downstream signaling cascades, may provide novel and exciting options for strategic therapies that mitigate IR-mediated organ damage.
OFRs and Scavengers
Oxygen free radicals are considered one of the most significant components of cell and tissue damage during ischemia and reperfusion. Various cell types generate OFRs, including Kupffer cells (resident liver macrophage) (26) and polymorphoneutrophils (PMNs) (27) . Kupffer cells are thought to initiate OFRs and IRI, which is then accentuated by PMNs, resulting in further hepatocyte damage (28) . OFRs are produced by xanthine oxidase and damaged mitochondria (28) , and include hydrogen peroxide, superoxide anion, and hydroxyl. OFRs have multiple roles in the pathogenesis of liver IRI. These include direct oxidation of cellular components and lipids (lipid peroxidation) (29) , activation of inflammatory gene transcription (30) , and possible activation of the innate immune response through the TLR system. Indeed, protein oxidation results in the activation of heat shock proteins that subsequently activate the TLR system as mentioned above. OFRs can also generate potentially harmful compounds, such as peroxynitrite, that can potently induce cell death and enhance NF-κB-mediated pro-inflammatory responses (31) .
Experimental interventions to reduce OFRs have attenuated liver IR injury in various models. OFR scavengers (32, 33) and inhibitors (34) , and delivery of antioxidant enzyme genes (35) , minimized liver IRI. Adenovirus-mediated gene delivery of the cytosolic Cu/Zn superoxide dismutase gene in a rat marginal liver transplant model reduced OFR production and reduced liver injury (36) . The use of manganese-porphyrin (MnP) complexes with superoxide dismutase (SOD) reduced liver IRI in murine models (37) , as did administration of α-lipoic acid with OFR-scavenging properties (38) . Delivery of newer antioxidant agents has similarly mitigated liver IRI through scavenger effects (39) (40) (41) (42) (43) . In summary, molecular therapies to reduce IRI will directly or indirectly modulate both the production and metabolism of OFRs.
Nitric Oxide (NO)
NO has a significant role in the microcirculation and organ IRI. NO is produced from L-arginine by nitric oxide synthase (NOS) and exists in both inducible (iNOS) and constitutive forms, such as endothelial NOS (eNOS) and neuronal NOS (44) . NO has diverse functions, including inhibition of platelet aggregation, regulation of the microvasculature, and inhibition of caspase activity to prevent apoptosis (45, 46) . Studies using transgenic overexpression of NO and activators of NO synthase demonstrate cell and tissue protection during IRI. Administration of tetrahydrobiopterin, an important coenzyme of nitric oxide synthase, increased iNOS and eNOS expression, attenuating liver IRI (47, 48) . NO produced by eNOS is generally considered hepatoprotective (49) (50) (51) . In a murine liver transplant model, donor eNOS was found to attenuate liver IRI through various mechanisms, including possible vasodilation and reduced macrophage infiltration (52) . Additionally, eNOS may exert its hepatoprotective function through the soluble guanylyl cyclase-cGMP pathway independent of HO-1 (53) .
The role of iNOS is more controversial. It is reported to have beneficial effects to attenuate organ damage due to IR (49, 54) , but alternatively, NO expression may exert harmful effects. NO production through iNOS is known to cause oxidative damage by interacting with superoxide anion-leading to the production of peroxynitrite, a potent inducer of cell death (31) . Peroxynitrite itself has dual effects, with possible hepatoprotection through decreased leukocyte adhesion and infiltration (55) . Results from a porcine liver transplant model suggest that IRI may be triggered by iNOS in Kupffer cell and PMNs (56) . Similarly, steatotic rat livers subjected to IR show upregulation of iNOS and endothelin (ET-1), suggesting an important role in regulation of sinusoidal perfusion (57) . Inhibition of iNOS may exert beneficial biological effects. Indeed, use of iNOS inhibitors, such as FK330 (FR260330), reduced leukocyte activation, hepatic apoptosis, and overall liver IRI in a rat liver transplant model (58) . Another iNOS inhibitor, ONO-1714, similarly attenuated liver IRI (59) . Collectively, data suggest a balance between the quantity, duration, and timing of NO expression in liver IRI.
Interventions that increase NO availability have also been shown to be beneficial in various experimental models. Nitrite is an intrinsic signaling molecule that is reduced to NO during ischemia, and has been shown to potently limit liver and cardiac IRI (60) . Arginine is a substrate for NO production, and hepatoprotection from the L-arginine-NO synthase pathway has been established in animal IRI models (61, 62) . Treatment with the arginase inhibitor nor-NOHA resulted in reduced IRI in a liver transplant model, likely through partial restoration of otherwise depleted arginine levels (63).
HO System
HO, a rate-limiting enzyme, catalyzes the degradation of heme into free iron, carbon monoxide (CO), and biliverdin. HO exists in two forms: the oxidative stress-inducible HO-1 (also known as hsp32) and the constitutive isozyme HO-2 (64). HO-1 overexpression, strongly cytoprotective in IRI, mediates anti-inflammatory and anti-apoptotic functions, likely through the effects of various byproducts including biliverdin, bilirubin, ferritin, and CO (Table 1) .
HO-1 upregulation using Ad-HO-1 gene transfer, or the HO-1 inducer cobalt protoporphyrin (CoPP), reduced liver damage in steatotic rat liver models of ex vivo cold ischemia followed by reperfusion or isotransplantation (65, 66) . Moreover, CoPP-induced HO-1 overexpression mitigated warm liver IRI in mice by downregulating STAT-1 activation and CXCL-10 mRNA expression (a key chemokine in liver IRI inflammation cascade), suggesting downregulation of the type-1 IFN signaling pathway, which is downstream of TLR4 (67) . In a rat liver transplant model, adenovirus (Ad)-based HO-1 gene transfer suppressed local expression of iNOS, inhibited caspase-3 expression, and resulted in overall improved graft survival (68) . Ad-HO-1 overexpression also prevented CD95/FasL-mediated apoptosis, thereby improving liver function (69, 70) . Recently, a warm liver IRI model using wild-type and heterozygous HO-1-deficient (HO-1 +/-) mice demonstrated that basal HO-1 levels are more important than the upregulation of HO-1 in response to IR (71) . Pretreatment with inhaled anesthetic isoflurane has also shown hepatoprotection in liver IRI, through increasing local HO-1 mRNA/protein expression and HO-1 enzyme activity (72) .
Products of HO degradation have also been shown to attenuate IRI. Adjunctive biliverdin therapy reduced hepatocellular damage in well-established ex vivo and in vivo models of hepatic IRI, likely through decreased endothelial expression of cellular adhesion molecules, inhibition of proinflammatory cytokines, and upregulation of anti-apoptotic pathways (73) (74) (75) . Exogenous biliverdin therapy decreased liver damage in a small-for-size rat transplant model, possibly through inhibition of pro-apoptotic and pro-inflammatory JNK/AP-1 signaling (76).
CO is another heme degradation product with important anti-inflammatory and cytoprotective effects. Exogenous therapy with CO has been shown to reduce IRI in many organ systems including the heart, lung, intestine, and kidney (77) . Inhaled CO treatment in an ex vivo rat liver IRI model (78) , and liver transplant model, suppressed early proinflammatory gene expression and neutrophil infiltration, with resultant amelioration of organ damage (77) .
Owing to its potent cytoprotective properties, the HO system may be a useful strategy to minimize IRI in transplantation, shock, and other low-flow states. HO-1 induction through pharmacologi- (79) . Leukocytes have an important role at the interface of portal blood flow with exposure to pathogenic and nonpathogenic antigens. Moreover, they are highly involved in liver IRI and function both to amplify the molecular pathways, and to directly cause cellular damage (80, 81) . A number of mechanisms may account for leukocyte infiltration during liver IRI. One major mechanism is through the adhesion cascade that consists of physical leukocyte-endothelial cross-talk interactions during reperfusion. It is known that liver IRI involves microcirculatory flow disturbances with involvement of endothelial cell adhesion and leukocyte tethering and infiltration. Local leukocyte infiltration depends on both extravasation across the vascular endothelium and migration through the extracellular matrix. Leukocyte recruitment involves the initial attachment, or tethering, and rolling of leukocytes on the sinusoidal endothelium mediated through the selectin family (Pselectin, E-selectin, and L-selectin). The principle selectin ligand is P-selectin glycoprotein ligand (PSGL-1), a 220-kDa mucin-like ligand that binds all three selectins and is located on the surface of most leukocyte subclasses (82) . The blockade of P-selectin and PSGL-1 protects against IRI in liver (83-87), kidney (88, 89) , and small intestine (90-92) animal models, and is currently being tested in renal and liver transplant patients.
In addition to P-selectin, phosphatidylserine (PS) appears to have an important role in leukocyte diapedesis and migration. Anoxia and reoxygenation cause externalization of PS in sinusoidal endothelial cells (ECs) (93) , which promotes attachment of leukocytes and platelets to the microvasculature and impairs blood flow. Molecules such as diannexin, a 73-kDa homodimer of human annexin V (94), bind PS and minimize EC activation (95) . By minimizing leukocyte and platelet targeting of the liver, diannexin indirectly suppresses inflammatory responses and decreases apoptosis, thereby mitigating liver IRI (96) and improving allograft survival in a rat liver transplant model (95) . Additionally, matrix proteases facilitate the movement of leukocytes along the vasculature. Matrix metalloproteinase (MMP)-9, a gelatinase family member, is highly expressed after IRI (97) . Its blockade results in impaired myeloperoxidase activation and decreased leukocyte accumulation (98) . MMP-9 deficiency reduces liver IR injury (98) and improves survival with attenuation of TNF-α release and endothelial CD62P expression (99) .
Leukocytes are also targeted to the liver during IRI. Systemic CD4 + T cells are recruited to the liver within the first hour of reperfusion (100). The exact mechanism of this process is under investigation and may proceed via ligation of the TLR4 system, upregulation of CXCL10, and chemotaxis of CXCR3 + CD4 + T cells (101) . Various chemokines/ cytokines are expressed during the acute phase of IRI and include CXCL10, RANTES, MCP-1, MIP-1α, MIP-1β, and MIP-2, among others (102, 103) . These molecules are chemotactic to PMNs, which accumulate in the liver and have a significant role in the subacute injury phase. Additionally, CD4 + T cells release IL-17, which likely further mediates neutrophil chemotaxis (80) . Indeed, the absence of CD4 + T cells results in reduced recruitment of PMNs and protection from IRI (100, 104, 105) .
CLINICAL APPLICATIONS
Basic research using animal models has elucidated dominant molecular pathways important in the pathogenesis of liver IRI. Application of this knowledge is underway through clinical trials that investigate therapeutic modalities to reduce IRI ( Table 2 ). As described above, animal models that increase NO availability have reduced liver IRI. A small (n = 10) prospective randomized controlled trial was conducted to evaluate the use of inhaled NO on liver function and patient outcome after liver transplantation (106) . In this study, liver transplant patients were treated with placebo (nitrogen) or inhaled NO (80 parts per million) during the perioperative period. The NO treatment group had earlier improved graft function, reduced hepatocyte apoptosis, and shorter length of hospital stay. Limitations to the study included small sample size and use of a single liver biopsy at one hour after reperfusion to evaluate inflammatory changes and hepatocyte apoptosis.
Apoptosis and hepatocellular damage are significant end points in the pathogenesis of liver IRI. Indeed, multiple signaling pathways in IRI culminate with apoptosis and organ dysfunction. Recently, IDN-6556, a pan-caspase inhibitor (PCI), was applied in liver transplant patients to evaluate its efficacy to mitigate liver injury during cold and warm IR (107) . PCI was administered locally to the donor organ during cold storage and systemically to the transplant recipient for 24-48 h posttransplant. Organ storage with PCI resulted in both reduced early liver IR-mediated apoptosis and decreased injury. Rates of acute cellular rejection were similar between groups. Systemic PCI delivery, however, reduced the beneficial effects of PCI administered during cold storage alone. This was attributed to neutrophil accumulation and local inflammation due to decreased neutrophil apoptosis with systemic intravenous PCI delivery (107) .
In addition to therapies aimed at preventing hepatocyte apoptosis, anti-inflammatory agents have been investigated for protection against liver IRI. A recent prospective clinical trial assessed the use of preoperative steroid administration on outcome after hepatectomy (108) . Patients (n = 36) treated with preoperative methylprednisolone (500 mg) before induction of anesthesia had lower serum transaminases, coagulation parameters, and inflammatory cytokines (TNF-α and IL-6). Of interest, the protective role of preoperative steroid treatment was more significant in patients with larger liver resection and greater ischemic time. A second study (n = 25) that used methylprednisolone (30 mg/kg) 30 min before liver resection resulted in reduced IL-6 levels without significant improvement in short-term outcomes (109) .
The efficacy of other immunosuppressive agents to reduce liver IRI has been examined. Tacrolimus administered to livers in a flush-solution before transplantation resulted in improved early organ function and decreased hepatocellular damage (110) . Various molecular pathways may have contributed to the beneficial effects, including anti-inflammation and preservation of mitochondrial function (110) . Other studies have investigated the use of antioxidants, such as N-acetyl cysteine (NAC) used in a small randomized study (n = 9) during donor hepatectomy (111) . There was no protective effect on acute cellular rejection or the extent of liver IRI, though the study was limited by small sample size.
Thymoglobulin (TG), a polyclonal antibody induction agent used in kidney, pancreas, and liver transplantation, was recently shown to reduce renal IRI and to improve allograft function after cadaveric renal transplantation (112) . TG reduced renal delayed graft function and decreased length of hospital stay in renal transplantation when given intraoperatively before reperfusion (112) . Given these beneficial effects in the kidney, a prospective trial was conducted to evaluate the efficacy of TG to reduce liver IRI during transplantation. TG was shown to reduce liver IRI and to improve allograft function (113) . The mechanism of action for this therapeutic effect is not completely known, but may involve blockade of adhesion molecules that activate downstream signaling integral to IRI or depletion of T lymphocytes.
In summary, recent clinical trials have tested the ability of immunomodulatory agents to improve patient outcomes after IRI. Knowledge of the molecular and signaling pathways established through basic research has enabled initial application of these novel therapeutic options to minimize IRI and improve medical treatments. Considerable work remains to address this complex problem in clinical practice.
CONCLUSION
Liver IRI represents a continuum of complex processes that involve multiple cellular and molecular pathways. This review focused on liver IRI, primarily in the context of transplantation. Given the scope of IRI and its wide applicability to many fields in medicine, continued efforts are necessary to understand the pathophysiology of this disease process and minimize its detrimental effects. Indeed, translation of this knowledge to the clinical setting will allow muchneeded improvements in patient survival and outcomes in many disease states, including trauma and transplantation. 
